Abstract. Ten isozyme genes were studied after analyzing the variability of eight enzyme systems-glucose phosphate isomerase (GPI), phosphoglucomutase (PGM), aspartate aminotransferase (AAT), leucine aminopeptidase (LAP), 6-phosphogluconate dehydrogenase (6PGD), isocitrate dehydrogenase (IDH), shikimate dehydrogenase (SDH), and aconitase (ACO)-in the progeny of five crosses among almond [Prunus amygdalus Batsch, syn. P. dulcis (Miller) D. A. Webb] cultivars. Six of these loci were found to be located in two linkage groups, one containing four loci (Pgm-2, Gpi-2, Aat-2, and Lap-1) and two more in the other (Idh-2 and Aat-1). Genetic configurations of pairs of loci specific to segregating F 1 progeny of crosses between heterozygous parents were found in our data, for which we derived the estimate of the recombination fraction and its variance. Linkage data for the gene pairs that could be estimated in various crosses were used to obtain a joint estimation of the recombination fraction.
Isozyme genes have been the first available source of goodquality markers in fruit-tree crops (Torres, 1990) . Despite the fact that only a few of them are found in most plant species, the simplicity of the technique, rapidity with which results can be obtained, and low cost of equipment and consumables have made possible their effective incorporation in fruit-tree breeding projects.
Fourteen isozyme genes have so far been identified in almond intraspecific progeny and peach x almond interspecific F 2 s (Hauagge et al., 1987a; Jackson and Clarke, 1991; Mowrey et al., 1990) . The level of isozyme polymorphism in almond is the highest when compared with three other Prunus crops: apricot, peach, and plum (Byrne, 1990) . Knowledge of isozyme genetics and variability has been useful for applying these markers to cultivar fingerprinting and analyzing genetic relationships among cultivars (Cerezo et al., 1989; Hauagge et al., 1987b) , identifying peach x almond hybrids (Byrne and Littleton, 1988; Chaparro et al., 1987) , and determining gene flow in commercial production conditions (Jackson and Clarke, 1991) .
In this paper we studied the segregation of 10 isozyme loci. The genetic basis of nine of them was previously reported, and one was studied for the first time. Linkage, which was only partly analyzed in previous reports, was determined among many gene pairs, and two linkage groups were established, including six of the 10 loci examined.
We used the segregating populations that are most commonly used in tree breeding-F 1 progeny between partially heterozygous parents. When studying linkage between pairs of genes in these populations, special configurations occur that are different from the classical backcross or F 2 segregations (Ritter et al., 1990) . Gene-pair configurations not studied or partially studied before were inferred from our data. For them we derived the maximum likelihood estimator of the recombination fraction and its variance, which were later used in the analysis of the segregation data.
Materials and Methods
Plant material. Parents and progeny from five controlled crosses among almond cultivars were used for genetic analysis. Crosses were 'Ferragnes' x 'Tuono' (C1), 'Ferragnes' x 'Marcona' (C2), 'Ferraduel' x 'Cristomorto' (C3), 'Ferragnes' x 'Desmayo Largueta' (C4), and 'Primorskiy' x 'Cristomorto' (C5). These progeny, obtained as part of the almond breeding project carried out at the Institut de Recerca i Tecnologia Agroalimentàries Center of Mas Bové), were unselected with numbers ranging from 46 (C2) to 100 (C4) individuals. Isozyme phenotypes of the cultivars used as parents are shown in Table 1 .
Electrophoresis. Crude extracts were prepared by crushing ≈1 cm 2 of developing leaf tissue (unexpanded or expanding leaves <4 cm long) in 100 µl of the following extraction buffer [modified from ]: 50 mM tris, 7 mM citric acid, 0.1% cysteine HCl, 0.1% ascorbic acid, 1% polyethylene glycol, 8% polyvinylpyrrolidone (PVP-40), and 1 mM β-mercaptoethanol. Extracts were taken up in 3 × 8-mm Whatman no. 3 paper wicks and inserted sequentially into a 11.5% starch (Connaught) gel. Procedures for pollen collection, extraction, and electrophoresis were as described by Cerezo et al. (1989) . Pollen extracts were used only for sporophyte-gametophyte comparisons.
Three gel-electrode buffers were used: tris-citrate pH 7.8 (TC 7.8), histidine-citrate pH 5.7 (HC 5.7), and histidine pH 7.0 (H 7.0). TC 7.8 and H 7.0 correspond respectively to buffers F and E of Shields et al. (1983) , and HC 5.7 is described in Rovira et al. (1993) . TC 7.8 was used to assay for leucine aminopeptidase (LAP) and aspartate aminotransferase (AAT) enzyme activity. Glucose phosphate isomerase (GPI), phosphoglucomutase (PGM), shikimic dehydrogenase (SDH), and aconitase (ACO) isozymes were stained in H 7.0, and isocitrate dehydrogenase (IDH) and 6-phosphogluconate dehydrogenase (6PGD) were stained in HC 5.7.
Common ingredients for IDH and SDH staining solutions were 100 ml 0.1 M tris pH 8.2, 20 mg thiazolyl blue, 5 mg phenazine methosulfate, and 10 mg nicotinamide adenine dinucleotide phosphate. Specific for IDH were 20 mg isocitric acid and 4 ml 10% MgCl 2 , and for SDH, 20 mg shikimic acid. Procedures for the remaining enzyme stains used can be found in Rovira et al. (1993) for 6PGD, GPI, PGM, and ACO, in Vallejos (1983) for AAT, and in Arús et al. (1982) for LAP.
For GPI, PGM, LAP, 6PGD, and AAT isozymes, we have followed the terminology proposed by , for IDH that of Cerezo et al. (1989) , and for SDH that of Mowrey et al. (1990) .
Statistical analyses. Goodness of fit between observed and expected genotypic frequencies of individual genes and tests of independence between pairs of segregating loci were performed using the chi-square statistic. The estimation of recombination fractions of linked loci was done using the maximum likelihood methods described by Allard (1956) .
Two situations specific to the segregation of crosses between heterozygous unrelated individuals were found for which the estimation equation, its variance, or both had not been determined previously. These situations and the formulae that we derived for them are described below:
a) The cross between two heterozygous individuals at both loci, one in coupling phase and the other in repulsion phase (A 1 B 1 / A 2 B 2 × A 1 B 2 /A 2 B 1 ). For this case we used the estimation equation obtained by Ritter et al. (1990) , and the variance was found to be
, where p = recombination fraction estimation and N = progeny size.
b) The cross between a double heterozygote and a heterozygote for only one of the markers (A 1 B 1 /A 2 B 2 × A 1 B 1 /A 1 B 2 ). In this case, the recombination frequency can be estimated as p = f + j/f + j + e + k, where e, f, j, and k are respectively the number of individuals of genotypes A 1 B 1 /A 1 B 1 , A 1 B 1 /A 2 B 1 , A 1 B 2 /A 1 B 2 , and A 1 B 2 /A 2 B 2 , and the variance is V = 2p(1 -p)/N.
When more than one progeny was available for estimating the recombination fraction, we used the joint estimation method described in Allard (1956) .
Results and Discussion
Inheritance. All enzymes studied produced intensely stained and well-resolved zymograms (Fig. 1 ). Segregation data (Table 2) agreed with the existence of eight loci-Gpi-2, Lap-1, Aat-1, Aat-2, Pgm-1, Pgm-2, Sdh-1, and Idh-2, thus confirming previous inheritance studies in inter-or intra-specific crosses involving almond or other related Prunus species (Byrne, 1989; Goffreda et al., 1991; Hauagge et al., 1987a; Mowrey et al., 1990) . Departures from the expected values were found for Aat-1 in C5 and for Sdh-1 in C3, where an excess of phenotype 'a' individuals was found. In both cases, segregations in at least three more crosses agreed with the expected frequencies, a result providing evidence for the existence of these two loci.
Two regions of activity (GPI-1 and LAP-2) presented the same band in all parents studied. An additional zone (IDH-1), anodal to IDH-2, was also observed in IDH. This zone was apparently polymorphic, but its staining intensity was too low for a reliable phenotype determination and it was not studied.
An allozyme of faster migration than those described by Hauagge et al. (1987a) for Gpi-2 was observed in 'Tuono' by Cerezo et al. (1989) . Segregation ratios for this locus in 'Ferragnes' x 'Tuono' (C1) agreed with those expected, if this allozyme is the product of a new allele (f) at Gpi-2.
The observed banding pattern of 6PGD was similar to that described before in almond, peach, and peach x almond hybrids or F 2 s (Byrne and Littleton, 1988; Cerezo et al., 1989; Hauagge et al., 1989) . All cultivars studied had the same pattern of two bands for regions 6PGD-1 and 6PGD-2, except for 'Marcona', which had three bands instead of one at the 6PGD-1 region. The cross between 'Marcona' (presumptive heterozygote for alleles b and c) and 'Ferragnes' (presumptive homozygote for b) segregated for b and bc phenotypes (Fig. 1e) , but the goodness-of-fit test was significant due to an excess of b individuals. A deviation from the expected Mendelian segregation ratio was also observed for 6Pgd-1 in a peach x almond F 2 progeny studied by Mowrey et al. (1990) . When we compared the leaf and pollen zymograms of 'Marcona' at the 6PGD-1 region, we found that the intermediate band was lacking in pollen, a result indicating that the enzyme has a dimeric subunit structure and the observed variation was produced by a single gene.
Aconitase isozyme variation has not been previously reported in Prunus. In almond, we observed two regions of activity, labeled ACO-1 and ACO-2, which had one band each (Fig. 1h) , the same in all parental genotypes, except 'Marcona' (Fig. 1h , fifth lane from the left). 'Marcona' also had one band per region, but the ACO-1 band was located at a position slightly more anodal than the monomorphic ACO-2 band. The progeny 'Ferragnes' x 'Marcona' (C5) segregated at the ACO-1 region with two phenotypes: one with both 'Marcona' and 'Ferragnes' bands and the other with only the band of 'Ferragnes' (Fig. 1h) . Segregation was compatible with a 1:1 ratio ( Table 2 ). Assuming that the isozymes observed at ACO are encoded by two genes, one for each of the zones of activity, two hypotheses are consistent with these results. 1) One gene is segregating at region ACO-1, and 'Marcona' is heterozygous for an active (c) and a null (n) allele; and 'Ferragnes' homozygous for a different allele (b).
2) Segregation occurs in ACO-2, with 'Marcona' heterozygous for alleles a and b and 'Ferragnes' homozygous for allele b. In this case, the pattern observed at region ACO-1 can be explained considering that 'Marcona' is fixed for a null allele and 'Ferragnes' for an active allele.
Preliminarily, we have designated this presumptive gene as Aco-1 (phenotypes in Tables 1 and 2 and Fig. 1h have been named considering hypothesis 1), but determining the correct hypothesis will require additional genetic analysis of segregating progeny.
Linkage. Twenty-six of the 45 gene pairs possible with the 10 loci studied could be examined for independence (Table 3) . Significant departures from independence were observed in seven cases. In four of them (Lap-1 -Aat-2, Lap-1 -Pgm-2, Pgm-2 -Aat-2 and Aat-1 -Idh-2), linkage could be studied in more than one cross, and segregations indicating linkage were consistent in all of them. A significant deviation from independence was observed in C2 for Sdh-1 -Pgm-2, but this linkage was not confirmed in three other crosses, a result suggesting that linkage is loose or that the positive result is an artifact. Finally, two more pairs of loci that could only be studied in one segregation showed tight linkage (Gpi-2 -Lap-1 and Gpi-2 -Pgm-2). All of the possible two-gene configurations expected in F 1 progeny of heterozygous unrelated parents were recovered in the 16 situations in which linkage could be estimated (Table 4) . Half of them correspond to well-known cases of F 2 (one) or backcross (seven) segregations. The configurations found in the remaining eight progeny were typical of segregating F 1 s: seven were crosses that had one of the parents heterozygous for both loci and the other heterozygous for only one of them, and the last one corresponded to a cross between two double heterozygotes, one in coupling and the other in repulsion phase.
The homogeneity of the recombination estimates for a given gene pair obtained from different crosses was tested with a chi-square statistic (Allard, 1956 ). Estimations of recombination were homogeneous for Pgm-2 -Aat-2 (χ 2 = 0.98, nonsignificant), Pgm-2 -Lap-1 (χ 2 = 3.85, nonsignificant), and Idh-2 -Aat-1 (χ 2 = 0.07, nonsignificant), but not in Lap-1 -Aat-2 (χ 2 = 8.89, 0.05 > P > 0.01), where the difference between the recombination estimate of cross 'Ferragnes' x 'Desmayo Largueta' and the rest was responsible for this result. Interestingly, the recombination proportion of Pgm-2 -Aat-2 and Pgm-2 -Lap-1 was also larger in this cross than in the others, a result suggesting differences in recom- Table 3 . Pairs of genes analyzed in five almond progenies. bination rates for this chromosome segment associated with specific crosses. Given that 'Ferragnes' has been used as the female parent in two more crosses yielding similar P values, our results suggest that 'Desmayo Largueta' has a higher recombination rate in general or when used as pollen parent than 'Ferragnes' as a pistillate parent. Differences in recombination behavior associated with genotypes and sex have been described previously (de Vicente and Tanksley, 1991; Stadler, 1926) .
Two linkage groups were detected (Fig. 2) , one with four isozyme genes (Pgm-2, Gpi-2, Aat-2, and Lap-1) and the other with two (Idh-2 and Aat-1). In the former group, the position of Gpi-2 and Aat-2 could be determined with respect to Pgm-2 and Lap-1, but not between each other. Using the information obtained from the progeny, it was possible to determine the phase of the parents for the loci included in these two linkage groups (Table 5 ). The isozyme phenotypes of the parents of 'Ferragnes' x 'Ferraduel' (selected from the progeny of 'Ai' x 'Cristomorto') were reported by Cerezo et al., 1989 . Both cultivars have an identical phenotype for all isozymes studied in this paper, and the linkage phase of Pgm-2 -Aat-2 -Lap-1 group, for which they were in heterozygosis, was also the same, agreeing with what was expected from the phenotypes of their parents.
Our results on linked and unlinked isozyme loci agree in general with those obtained previously on pairwise linkage analyses performed in almond or other related Prunus species. Preliminary evidence on linkage between Lap-1 and Pgm-2 was provided by Hauagge et al. (1987a) . Santi and Lemoine (1990) found linkage between LAP and AAT loci, probably coincident with the pair Lap-1 -Aat-2 studied here with a similar (0.09) estimate of linkage intensity. On the other hand, Hauagge et al. (1987a) reported independent assortment between Gpi-2 and Pgm-2, and Goffreda et al. (1991) found Idh (presumably Idh-2) and Aat-1 to behave independently, whereas our results indicated linkage in both cases.
Additional linkages have been detected by other researchers: Lap-1 and Lap-2 were found to be tightly linked (P = 0.03 -0.05) in interspecific peach x almond progeny by Hauagge et al. (1987a) ; 
